According to Chinese medicine theory, Yang/Qi plays a pivotal role in driving physiological functions in the body, these being highly dependent on mitochondrial ATP production. Consistent with this, Yang/Qi-invigorating Chinese tonifying herbs have been found to stimulate mitochondrial ATP generation capacity (ATP-GC) in H9c2 cardiomyocytes. In the present study, we have demonstrated that Yang-invigorating Chinese tonifying herbs (namely, Eucommiae Cortex, Cibotii Rhizoma, Dipsaci Radix, Cynomorii Herba, Cistanches Herba, Cuscutae Semen, EpimediiHerba and Morindae Radix) and Qi-invigorating Chinese tonifying herbs (namely, Ginseng Radix, Pseudostellariae Radix, Quinquefolii Radix, Codonopsis Radix, Astragali Radix, Atractylodis Rhizoma, Juiubae Fructus, Fici Simplicissimae Radix and Dioscoreae Oppositae Radix) act by different mechanisms to stimulate mitochondrial ATP-GC. While Yang-invigorating herbs fluidize mitochondrial membranes and thus stimulate ATP-GC, Qi-invigorating herbs can enhance cellular glutathione status and increase ATP-GC. The different mechanisms by which Yang-invigorating herbs and Qi-invigorating herbs stimulate mitochondrial ATP-GC may serve as the basis for establishing biomarkers for Yang/Qi-invigorating herbs and herbal health products in general.
Introduction
The Yin-Yang Theory, which is a fundamental conceptual framework of Chinese medicine, views life activities as a result of an interaction between two complementary but opposing forces, namely, Yin and Yang. The dynamic equilibrium between Yin and Yang enables the attainment of a balance of physiological functions in the body and hence a state of optimal health [1] . According to Chinese medicine theory, functional activities in the body are driven by Yang/Qi, while Yin/Blood forms the material basis for maintaining vital functions such as those of cardiovascular system and immune system [2] . With any imbalance of Yin and Yang, the generation of Qi and Blood from their interaction in the body, can lead to the development of various "deficiency" states relating to Yang, Qi, Yin and Blood components. A "deficiency" state, which is referred to a sub-healthy status in Western medicine, can result from a genetic predisposition, acquiring environmental and lifestyle factors, as well as aging. To avoid the worsening of an unhealthy or "deficient" body condition, it is important to remedy this by restoring Yang, Qi, Yin and Blood components to normal levels. In doing so, Chinese tonifying herbs, which are divided into four functional groups (namely Yang-invigorating, Qi-invigorating, Yin-nourishing and Blood-enriching) [3] , have been used for safeguarding and promoting health since ancient times.
As mentioned earlier, Yang and Qi are manifestations of various body functions, all of which are dependent on cellular activities. In this regard, ATP, which is generated by mitochondria (the "power house" of the cell), energizes a wide range of cellular activities. To sustain the capacity to generate ATP, mitochondria are equipped with a glutathione-dependent antioxidant system to protect mitochondrial respiratory complexes against reactive oxygen species (ROS) arising from mitochondrial electron transport processes [4] [5] . In this regard, the Yang/Qi-invigorating action of Chinese tonifying herbs may be related to the stimulation of mitochondrial ATP generation and/or the induction of a glutathione antioxidant response that can preserve mitochondrial ATP generation capacity. Our laboratory has previously demonstrated that Yang-invigorating herbs can increase ATP-generation capacity in cultured H9c2 cardiomyocytes in vitro as well as rat heart mitochondria ex vivo [6] [7] , presumably by fluidizing the mitochondrial inner membrane [8] . However, whether or not Qi-invigorating herbs can stimulate mitochondrial ATP generation and the underlying biochemical mechanism(s) involved have yet to be investigated. In the present study, we studied the effects of short-term (4 h) and long-term exposure (24 h) to methanolic extracts of Yang-invigorating and Qi-invigorating herbs on mitochondrial ATP generation capacity (ATP-GC) and cellular reduced glutathione (GSH) levels (which are indicative of a glutathione antioxidant response) in cultured H9c2 cardiomyocytes. To investigate the role of membrane fluidization in the stimulation of mitochondrial ATP generation, as in the case for Yang-invigorating herbs, cholesterol was used as a pharmacological tool for stabilizing membrane lipids. To investigate the possible cause and consequence relationship between the stimulation of ATP generation capacity and the induction a glutathione antioxidant response, as in the case for Qi-invigorating herbs, specific inhibitors of glutathione synthesis and regeneration were used.
Materials and Methods

Chemicals and Reagents
Dulbecco's Modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were purchased from Gibco BRL Life Technologies (Grand Island, NY, USA).
Adenosine diphosphate (ADP), adenosine triphosphate (ATP), sodium pyruvate and sodium malate, the reduced form of glutathione (GSH) and the oxidized form of glutathione (GSSG) were bought from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals were of analytical grade.
Preparation of Herbal Extracts
Yang-invigorating herbs and Qi-invigorating herbs (see Table 1 ) were purchased from a local herbal dealer (Lee HoongKee Limited, HKSAR, China). The herbs were authenticated by the supplier and voucher specimens were deposited in the Division of Life Science, Hong Kong University of Science and Technology. Each herb was extracted with methanol under reflux for 2 h, as previously described [9] , to obtain amethanolic extract. Extracts were dried by evaporation under reduced pressure and the dried extracts, which were obtained at various yields with reference to the crude herb (see Table 1 ), were stored at 20˚C prior to use. 
Cell Culture
H9c2 cells, which area subclone of rat heart myoblast cells, were purchased from the American Tissue Culture Centre (ATCC). Cells were cultured as mono-layers in DMEM, supplemented with 10% (v/v) FBS, 100 IU/mL of penicillin, 100 μg/mL of streptomycin and 1.5 g/L NaHCO 3 . All cells were grown under an atmosphere of 5% (v/v) CO 2 in air at 37˚C.
Herbal Extract Incubation
H9c2 cardiomyocytes were seeded at a density of 1 × 10 
Incubations with Inhibitors
To 
ATP Generation Capacity in Situ
Following the incubation with the herbal extract, the mitochondrial ATP-GC assay was performed as previously described [6] [7] [9] . In brief, the removal of Yang-or Qi-invigorating herbal extract-containing medium was followed by cell membrane permeabilization with digitonin (50 μg/mL) in an incubation buffer (120 mM KCl, 5 mM KH 2 PO 4 , 2 mM EGTA, 10 mM HEPES, 0.1 mM MgCl 2 , 0.5% BSA, pH 7.4). Pyruvate (15 mM), malate (5 mM) and ADP (10 μM) were added to initiate mitochondrial ATP generation at 37˚C, which was monitored at increasing time intervals ranging from 0 to 15 min. The reaction was terminated by the addition of 60 μL of perchloric acid (30%, w/v), and the reaction mixtures were then centrifuged at 540× g for 10 min at 4˚C, and the superna- 
GSH Level
After the incubation with herbal extract, the cellular level of GSH was measured using the method of Griffith [11] . In brief, the total glutathione content of cells cultured in a 12-well microtiter plate was preserved by the addition of 100 μL 3% 
Protein Assay
Protein concentration was determined with a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA), using bovine serum albumin as standard.
Statistical Analysis
All data were expressed as mean ± standard error of the mean (SEM), unless otherwise specified. Data were analyzed by Student's t-test or one-way analysis of variance (one-way Anova), as specified. For one-way Anova, inter-group differences were detected by Tukey, with p < 0.05. The correlation between GSH 
Results
Effect of Yang-Invigorating Herbal Extracts on Mitochondrial ATP-GC and Cellular GSH Levels in H9c2 Cells
A 4-h incubation with all tested Yang-invigorating herbal extracts consistently increased mitochondrial ATP-GC in H9c2 cells (ranging from 13% -41%, Table  2 ). However, prolonged incubation (i.e. 24 h) with Yang-invigorating herbal extracts produced different effects on mitochondrial ATP-GC, as indicated by decreased extents of mitochondrial ATP-GC stimulation (CYH, CIH and CS), no mitochondrial ATP-GC stimulation (CR, DR, EH and MR) or even a suppression of mitochondrial ATP-GC stimulation (EC, a 30% decrease when compared with the non-herbal-pre-incubated controls). The ability of Yang-invigorating herbal extracts (4 h pre-incubation) to increase mitochondrial ATP-GC was completely abrogated by co-incubation with cholesterol ( Figure 1 ). In the case of DR, co-incubation with cholesterol caused a decrease in mitochondrial ATP-GC in H9c2 cells, when compared with cholesterol-pre-incubated controls.
None of the tested Yang-invigorating herbal extracts increased cellular GSH levels in H9c2 cells after a 4-h incubation. Following a 24-h incubation with the herbal extracts (EC, CR, CIH, CS and MR), cellular GSH levels were increased,
with the degree of stimulation being 14% -110%, when compared with the non-herbal-pre-incubated controls (Table 3) . No significant correlation between the degree of mitochondrial ATP-GC stimulation (4-h incubation) and the increase in cellular GSH levels (24-h incubation) by the Yang-invigorating herbal extracts was detected (Table 4) .
Effects of Qi-Invigorating Herbal Extracts on Mitochondrial ATP-GC and Cellular GSH Levels in H9c2 Cells
Incubation with Qi-invigorating herbal extracts for 4 h did not produce identical effects on mitochondrial ATP-GC in H9c2 cells (Table 2) Some Qi-invigorating herbal extracts (QR, ASR and FR) were found to enhance cellular GSH levels following a 4-h incubation (12% -17%, Table 3 ). A longer incubation (i.e. 24 h) with Qi-invigorating herbal extracts consistently elicited a glutathione antioxidant response, as indicated by increases in cellular GSH levels (14% to 46%), when compared with the non-herbal-pre-incubated (Table 3) . A moderate but significant correlation between the degree of mitochondrial ATP-GC stimulation and the increase in cellular GSH levels by Qi-invigorating herbal extracts after a 24-h incubation was observed (Table 4) .
To determine whether the glutathione antioxidant response is causally related to the stimulation of mitochondrial ATP-GC, the effect of Qi-invigorating herbal extracts in BSO/BCNU-co-incubated H9c2 cells was examined. Co-incubation with BSO and BCNU abrogated both the glutathione antioxidant response (Figure 2(a) ) and the stimulation of mitochondrial ATP-GC (Figure 2(b) ) by
Qi-invigorating herbal extracts following incubation for 24 h. 
Discussion
According to Chinese medicine theory, Yang/Qi balance plays a pivotal role in modulating physiological functions in the body. The gradual depletion of Yang/Qi is associated with aging and the predisposition to age-related diseases in humans [12] . In this regard, Yang/Qi deficiency can be corrected by using Yang/Qi-invigorating Chinese tonifying herbs for restoring optimal body health.
Recent studies in our laboratory have demonstrated the pharmacological basis of Yang-invigoration, wherein Yang-invigorating herbal extracts invariably increased mitochondrial ATP-GC both ex vivo in mouse hearts and in vitro in H9c2 cells [6] [7] . Results obtained from the present study have shown that Qi-invigorating herbal extracts can increase mitochondrial ATP-GC in H9c2 On the other hand, while Qi-invigorating herbal extracts failed to stimulate mitochondrial ATP-GC following a 4-h incubation, they invariably stimulated ATP-GC after incubation for 24 h in H9c2 cells. The stimulation of mitochondrial ATP-GC was accompanied by an increase in cellular GSH levels. Correlation analysis showed that the degree of mitochondrial ATP-GC stimulation correlated significantly with the extent of cellular GSH increase in Qi-invigorating herbal extract-pre-incubated H9c2 cells. The finding that BSO/BCNU co-incubation abolishes the stimulatory effect of Qi-invigorating herbal extracts on mitochondrial ATP-GC further confirms the proposal that the increase in mitochondrial ATP-GC is an effect secondary to the enhancement of cellular GSH status. This is consistent with earlier findings indicating that glutathione antioxidant status plays a critical role in preserving mitochondrial structural and functional integrity [13] [14] . The pivotal role of enhancement in glutathione redox status in stimulating mitochondrial ATP-GC is further supported by the observation that the incubation with cholesterol 4 h prior to the end of 24-h incubation with Qi-invigorating herbal extracts did not suppress the increase in mitochondrial ATP-GC in H9c2 cells (data not shown). Recent studies of antioxidant phytochemicals have shown that various phytochemicals (such as curcumin, catechin, resveratrol and schisandrin B) can serve as direct free radical scavengers and/or induce a nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-driven expression of antioxidant proteins/enzymes [15] , [16] . With respect to the mechanism underlying the enhancement of cellular GSH levels produced by Qi-invigorating herbs, these may possess free radical scavenging activity with the subsequent preservation of cellular GSH levels and/or they may increase the expression of glutathione-dependent proteins/enzymes.
In conclusion, our findings indicate that Yang-invigorating and Qi-invigorating herbs can both stimulate mitochondrial ATP-GC in H9c2 cells but by different mechanisms. While Yang-invigorating herbs act primarily by fluidizing the inner mitochondrial membrane, Qi-invigorating herbs exert their action indirectly by increasing cellular GSH levels. Future studies will focus on the mechanism underlying the capacity of Qi-invigorating herbs to enhance cellular GSH levels. The measurement of mitochondrial ATP-GC and cellular GSH levels in H9c2 cells under the experimental conditions described here could serve as convenient biomarkers for the quality assurance of Yang-invigorating and Qi-invigorating Chinese tonifying herbs and herbal health products in general.
